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Abstract Rail irregularities, in particular for urban rail-
way infrastructures, are one of the main causes for the
generation of noise and vibrations. In addition, repetitive
loading may also lead to decay of the structural elements of
the rolling stock. This further causes an increase in main-
tenance costs and reduction of service life. Monitoring
these defects on a periodic basis enables the network rail
managers to apply proactive measures to limit further
damage. This paper discusses the measurement methods
for rail corrugation with particular regard to the analysis
tools for evaluating the thresholds of acceptability in re-
lation to the tramway Italian transport system. Further-
more, a method of analysis has been proposed: an
application of the methodology used for treating road
profiles has been also utilized for the data processing of rail
profilometric data.
Keywords Rail corrugation  Noise disturbance 
Measurement methods  Continuous measurement  Data
processing algorithm  Wavebands filtering
1 Introduction
The interaction between rail and wheel influences safety
and efficiency of railway service. The knowledge in contact
phenomena, in both the surface characteristics and the
contact mechanics [1, 2], may improve the accuracy in
evaluating wheel–rail contact functional performance, and
ensure the related prediction of local stresses. High vertical
contact forces, also with the lateral and longitudinal ones,
induce stresses that may produce fatigue failure of the
material [3]. High contact stresses and rolling resistance
induce friction heating and consequently wear [4]. Thus,
traction and braking may lead to wheel sliding, which re-
sults in rail burn, wheel flat, unfavorable material phase
transformation, and thermal cracks [5]. In addition to wear,
fatigue, crack formation, and other permanent deforma-
tions, there is a particular type of defect which affects the
rail surface called ‘‘Rail Corrugation’’. This is a kind of
periodic wear that is often visible with the naked eyes and
can be identified as the pattern on the rail has regular
spacing.
In the contact area between rail and wheel, dynamic
forces are exchanged: it has been noted that if the dynamic
contact forces are high, then the level of corrugation will be
high (though with a phase lag of around 135) [4–9].
These dynamic phenomena may generate corrugation of
the rails and the wheels and they can also cause the for-
mation of different types of irregularities. This results in
poor vehicle dynamics (when passing on a worn rail) and
consequently higher contact forces, vibrations, and noises.
Also in the case of perfectly smooth rail surface, this
phenomenon appears as a consequence of the track dis-
continuities for the sleepers present (regularly spaced).
2 Literature review
Due to the contact between the wheels and rail surfaces, the
train’s motion on a track creates complex dynamic phe-
nomena in the train itself and in the track’s superstructure,
which generates noise and vibrations that propagate in the
external environment. These phenomena cause a service
life reduction in all the structural components involved, an
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external disturbance in the receptors, and the decay of the
passengers comfort. Figure 1 shows a scheme for the sys-
tematic approach to wheel–rail interface research and de-
velopment: the figure illustrates that it is essential to take
into account the combination of all the following aspects:
contact mechanics, materials, dynamics, as well as friction.
A proper study of this scheme can guarantee profitable
optimizations for the management of the wheel–rail system
interface.
Imperfections that occur at the wheel/rail contact, due to
geometrical changes in the shape of rail and wheel sur-
faces, influence the stress distribution. In fact, the presence
of these imperfections alters the pressure in the contact
nominal area; this generated dynamic stress excites all the
elements of the rail track system and propagates from the
track through the ground, in the range of frequency exci-
tation. Railhead irregularities occur on the surface of the
rail: the profile can be worn, the railhead damaged by
cracks from rolling contact fatigue phenomenon (RCF) [6],
squats can take place [7], and further, short-pitch corru-
gation and rail welds create periodic occurrences [8, 9].
The rail corrugation on rail surface is very frequent in all
railway infrastructures and is also classified as short-wave
defect (long wavelength irregularities are, instead, defined
as irregularities of wavelengths of 300 mm or longer, that
may be either geometric irregularities in the track or on the
wheel, or irregularities of the track stiffness [10]).
The importance of amplitude and wavelength dimension
of rail corrugation has been demonstrated in many refer-
ences. A clear correlation between the size of the railhead
running surface irregularities and levels of generated noise
and vibration was found by Thompson, [11] (see Fig. 2). In
addition, because the correlation is related to dynamics
aspects, the occurrence of defects is related to the train
speed [4–8].
Rail corrugation, also known by the term short-pitch
corrugation, frequently appears in straight track, where
traction or braking is particularly severe, or in small radius
curves, although it may also be detected in curves of
greater radius. Therefore, in urban rail transport system this
problem appears frequently, especially for tram networks,
which present the following critical situations:
1. very accentuated wear due to exposition at both
railway vehicles and other categories of traffic;
2. specific geometry of the tram line that offers particular
conditions for the establishment of disturbance phe-
nomena and wear;
3. location of tracks near noise-sensitive regions.
In addition, the insertion of rolling stock in this scenario
contributes to developing wear: maintenance cycles lead to
an uncontrolled increase in management costs that nullifies
all the advantages of this transport system.
The geometry of this kind of irregularity, similar to
waveform, is periodical and changes with different situa-
tions. A useful classification of the corrugations (ir-
regularity wavelengths less than 1 m) is performed by
grouping wavelength (k) ranges:
• 10–30 mm;
• 30–100 mm;
• 100–300 mm;
• 300–1000 mm.
Rail corrugation appears to have a small wavelength
when compared with the longitudinal waves of the rail.
During vehicle/track interaction, the forces are trans-
mitted in the wheel/rail contact area: dynamic behavior is
Fig. 1 Systems approach to wheel–rail interface research and
development [10]
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Fig. 2 Correlation between corrugation height and noise [11]
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found in a wide band, ranging from very low frequencies of
0.5–1 Hz for lateral and vertical car body accelerations, to
2000 Hz, as a consequence of geometrical irregularities in
rail and wheel contact. This latter portion of high-fre-
quency excitation content typically falls in the audible
frequency range, inducing the most relevant contribution to
rolling noise.
Along with other contact issues, rail corrugation is a
severe problem for many tramway administrations, there-
fore short wavelength corrugation is the major focus of this
paper.
Due to the tram speed, and according to the relation
between the frequencies f and the train speed V, f = V/k,
the wavelength k on a tram rail surface is commonly
around 10–50 mm.
Since the vehicle/track interaction produces a wide-
ranging vibratory phenomenon, this results in different
types of noise: besides the rolling noise, the ground-borne
noise and the structure-borne noise are generated as re-
flection of ground-borne vibration [12]. In general, the
effect of ground-borne vibration is related to people dis-
comfort (high-frequency vibration affects concentration
ability, low-frequency vibration may cause muscular or
internal organ injury, both depending on exposure time),
rather than damage to buildings. Noise limitation can avoid
structural damage of the buildings, but is also important to
prevent fatigue damage due to cyclical vibration [13–16].
3 Rail corrugation: types and causes of formation
The phenomenon of rail corrugation occurs in all rail
systems, with different sizes and naturally takes place even
when smooth contact surfaces are involved. In this way,
Grassie [17] proposed two distinct mechanisms for the
generation of dynamic actions (Fig. 3). The first is called
wavelength-fixing mechanism, that appears also in the case
of ideal geometrical contact as a consequence of structural
discontinuities in railway track configuration (e.g., as rails
are mounted on discrete supports, the sleepers). For this
reason, dynamic loads arise altering the wheel–rail inter-
action, regardless of the geometric imperfections on the
rolling railhead surface. These dynamic forces propagate in
all the train and track structural components, determining
damage mechanism that occurs primarily on the wheel–rail
contact surfaces. In consequence, permanent deformations
on rolling surface are generated and gradually increases the
generation of the dynamic forces in next train passages.
Irregularities present on wheel surface, will not be in-
volved in this study (for which refer i.e., [18]). Both the
generation and distribution of rail surface irregularities
have a random nature.
Like irregularities of the road pavements, using appro-
priate instruments riding on the surface of the rail, mea-
surements of profiles can be collected. These
measurements show the variability of the irregularities of a
longitudinal section of the rail surface compared to an ideal
plane of reference. A proper analysis of the profiles allows
to define the reference levels of rail degradation, and en-
sures to relate them to damage mechanisms, corrective
solutions, levels of generation of noise and vibration, etc.
These longitudinal irregularities can be attributed to the
following causes:
• pinned–pinned resonance,
• rutting due to second torsional resonance,
• P2 resonances.
The first type of wear is caused by pinned–pinned
resonance of a track vibration, occurs mostly in straight
tracks (indifferently on two rails), and in high rail of
curves, especially in curves of greater radius, as conse-
quence of the vibration of the rail bounded into two
sleepers. This kind of corrugation may also appear in the
track for light axle load traffic (less than 200 kN). Fur-
thermore, in some circumstances, this defect is more evi-
dent in the correspondence of the sleepers [19].
The second type of corrugation occurs primarily in
curves (on the inner rails) and in straight tracks often
subject to traction or braking particularly severe. The name
‘‘rutting’’ was chosen because of the characteristic trans-
verse grooves (‘‘ruts’’) on the railhead [20]. The presence
of local imperfections, as welds and joints, acts like trig-
gering factor, determining the position of the corrugation
along the rail. The damage of the inner rail in the curve is
caused by a mechanism of the driven axles [19]: the phe-
nomenon starts when the one wheel traction ratio is close to
the friction limit, thus causing the slip and then the oscil-
lation of the other wheel in correspondence with the second
natural frequency of torsional resonance [21], as shown in
Fig. 4.
The result of this phenomenon is wear of the rail with a
geometric wavy development, with uniform wavelengths
and appearance, and depth that can quickly reach tenths of
a millimeter [19].
The last generation cause of corrugation comes from P2
resonance and interests straight tracks and outer rails in
Wavelength-fixing 
mechanism 
Dynamic loads Initial profile 
Damage mechanism 
Profile 
change 
Traction, friction, etc. 
Fig. 3 A general corrugation mechanism [19]
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curves: this kind of wear is mainly due to the vehicle
‘‘bouncing’’ on track, and the continuous vertical dis-
placements of the wheelset, excited by the different stiff-
ness that the unsprung masses perceive passing over
discontinuities [22]. It occurs often on the tramlines
(Fig. 5).
4 Measurement of rail irregularities
Corrugation is not a single phenomenon with a single cause
and a single solution or treatment [20]. Cross studies
should be effectuated to its right classification. The method
to identify the causes is based on the survey of the damaged
rail profile with appropriate instruments (Fig. 6).
In order to examine the longitudinal profiles of the rails,
two different types of instrumentations are used:
• contact instruments;
• non-contact instruments.
The first are able to measure, one rail at a time, different
part of a track, permitting to choose the length of each
single measuring track and to select time by time the po-
sition of the sensor in the width of the railhead, guaran-
teeing extreme accuracy of 0.001 mm RMS (root mean
square).
The other ones, because mounted on vehicles of high
speeds (5–140 km/h), record profiles of both rails simul-
taneously and provide uninterrupted measurements but
with lower accuracy than the previous (0.003 mm RMS).
In addition, these instruments measure the irregularities
under load and, therefore, in the same operating conditions
of trains; however, they should solve the problem of iner-
tial reference frame being vehicle-integrated measuring
systems. This may cause some problem in finding the
reference plane to which measurements of rail irregularities
are referred.
For these reasons, contact instruments are generally
preferred over the non-contact ones, to measure the lon-
gitudinal profiles of the rails.
The University of Cambridge and the British Rail Re-
search [17] collaboratively developed the first model of
CAT (Corrugation Analysis Trolley) in 1970 and then it
was used in many railway infrastructures. This instrument,
falling within the category of contact instrument, has a
contact sensor (tip or roller sensor) and an odometer. The
CAT works hand-pushed, riding the rail, allowing to detect
the longitudinal profile on the surface of the rail with
vertical precision of 0.01 lm [17]. This instrument, in
addition to measuring the surface of the rail in terms of
longitudinal profile, is able to return the acoustic rough-
ness, the roughness of the rail connected to the generation
of the noise (expressed in dB), and being provided with a
dedicated software used for the calculation [23–25].
Another type of apparatus able to read rail profile, be-
longing to the category ‘‘not in contact’’, is the ORPMS
(Optical Rail Profile Measurement System) that is based on
optical triangulation realized through laser rays and as-
sisted by mini cameras.
For the diagnosis of track defects during the last fewyears,
several trains instrumented capable of continuous measure-
ment and all the geometric parameters of interest including
the profile of the rail, have been designed. For example the
HSRCA system (High Speed Rail Corrugation Analyser), a
not-in-contact system with Axle-box Accelerometers, is
extremely reliable even at relatively high speeds (maximum
recommended running speed of 120 km/h) [26].
Three different ways can be used to evaluate the con-
dition of a rail surface starting from recorded profilometric
Fig. 4 Torsional resonances of wheelsets [19]
Fig. 5 Wear on tramway and railway tracks
Fig. 6 Instruments for measuring the longitudinal profile of the rail
(rail measurement)
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data: a method based on the spectral analysis, a method
based on the assessments of percentage of exceeding, and
expeditious methods.
5 Analysis of profilometric data by means of spectral
analysis
The direct measurement and spectral analysis-based pro-
cessing method form the basis of the shown resolution
(Fig. 7). The presented algorithm is entirely in line with the
UNI EN 15610:2009 one [27].
Method A determines the one-third octave band acoustic
roughness spectrum ~r(k). The data must be processed to
remove some unwanted ‘‘pit and spike’’, to adapt the
measurement (if chosen) through an appropriate curvature
processing that takes into account the particular roundness
of the sensor adopted in the test measures, and at last, to
apply the discrete Fourier transform (DFT) to the function
determining power spectral density (PSD) in the frequency
domain and produce a one-third octave level roughness
spectrum as a function of wavelength averaging the mag-
nitude suitably.
A detailed scheme for method A is shown in Fig. 7.
Localized rail defects are not significant in the assess-
ment of the acoustic roughness related to the rolling noise
component, therefore they should not be included in the
application.
After removing moisture and other contamination from
the railhead surface, determining the length along the rail
of interest, the transverse width (wref), the relative distance
to the field face of the rail (dref), and setting the instrument,
the measurement can start.
According to Fig. 7, these are three steps to follow:
1. check data information to edit out the data relating to
any rail joints, rail head defects, and welds, for not
affecting the final spectrum analysis;
2. remove pits and spikes in the records;
3. correct the measure by the curvature processing that
takes into account the form of the probe, before
conducting spectral analysis.
The next step is to calculate the one-third octave band
spectrum for each acoustic roughness record (amplitude of
the acoustic roughness expressed as a function of the
wavelength k), and, finally, estimate the same spectrum in
dB. The technique of spectral analysis adopted for road
profiles to treat the rail profiles was used [28].
An example of Wavelength-RMS disp graph is shown in
Fig. 8. Central frequencies in the calculus are chosen, the
same as the International Standard ISO 8608:1995 [29]
provides, and to create, in a numerical way, a one-third
octave band spectrum, the Technical Specification ISO/TS
13473-4 [30] about Spectral analysis of surface profiles
was followed. To select the alternative method (Method B),
the one-third octave band values shall be obtained by ap-
plying digital one-third octave band filters directly to the
roughness data.
The obtained spectrum k-~r(k) thus can be compared
with standard limits according to the needs: limits that are
not univocally established if not for rail used during
Check on data information 
Data processing 
Data sampling 
Spectral analysis 
Detrend removing Subdivision record 
Spike removal 50% overlap 
Curvature processing Hanning windowing 
Digital filter 
Discrete Fourier transform 
Power spectral density 
Acoustic roughness spectrum 
Digital 
filtering 
Yes 
No 
Fig. 7 Algorithm of the method (UNI EN 15610:2009) [27]
Fig. 8 One-third octave band spectrum calculated through the
algorithm proposed by ISO 8608 [29], on a recorded measure in a
depot of rolling stock
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vehicle-type testing (Technical Specifications for Interop-
erability, Decision 2006/66/EC, [31] ) or for measurement
of noise emitted by rail-bound vehicles (ISO 3095:2005,
[32]), and particularly for railway field [12].
Figure 9 shows both acoustic roughness spectra of a
tramway rail and standard limits for railway rail.
To calculate the acoustic roughness spectrum the fol-
lowing steps are necessary:
• Detrend removing process: to remove the best straight-
line fit from distance vector.
• Spike removal process: to remove narrow upward
spikes that are regarded as being linked with the
presence of small particles of foreign matter on the rail
surface; identify the spikes by the criteria d2r/dx2\-
107 lm/m2 and a change of sign for dr/dx, calculate the
first and the second derivative of r(x), the roughness
acoustic vector, identify the edges of each spike as
being the extreme points (x1 and x2) on either side of
the maxima or minima, for which abs(dr/dx) becomes
less than 5 9 103 lm/m; calculate the width w of the
spike with the formula w = abs(x2-x1), and where
h[w2/a (h = height of the spike, a = 3 m) spike shall
be removed by linear interpolation between x1 and x2.
• Curvature process: to account for the effect of the small
radius of the probe tip compared to that of the wheel,
taken as the r’(xi) obtained from the sum between the
maximum values intercepted in the difference r(x)-
Ci(x) (in particular the roughness function r(x) and the
curve Ci(x), r = 0,375 m, centered at xi above r(x) func-
tion), and the r(xi), the roughness value in that specific
i (Fig. 10).
• Windowing: to avoid discontinuity at the edges of each
discrete signal due to the DFT is based on the
hypothesis that the input discrete signal repeats itself
with a period equal to the signal length. The single
signals may be linked only if at the edges of each
discrete signal, there are the same values equal to zero.
The windowing reduces the signal to zero at the edges
limiting the attenuation of the signal out of the edges. In
general, the equation for determining the windowed
profile Zi,win starting from original profile Zi is given:
Zi;win ¼ wiZiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N
P
N1
i¼0
w2i
s for i ¼ 0; 1; . . .;N  1; ð1Þ
where wi is a set of coefficients that changes the original
profile minimizing the unexpected effect known as
‘‘leakage’’.
• Discrete Fourier Transform (DFT): for the rail profile,
according to the classic utilization for a time-domain
signal, DFT involves a transformation from the distance
domain (in m) to the frequency domain, in particular
spatial frequency domain (in cycle/m or 1/k where k is
the wavelength). The result of the DFT is a constant
bandwidth narrow band spectrum Df with complex
values, calculated by:
Zk ¼ 1
N
X
N1
i¼0
Zi;wine
j 2pk
Nð Þi; ð2Þ
where j imaginary unit, j2 = -1 used for transform the N
real numbers Zi,win, i = 0,1,…,N-1, in N complex numbers
Zk, k = 0,1,…,N–1. The bandwidth Df depends on the
discrete profile length L = (N–1)Dx and is equal to:
Df ¼ 1
L
: ð3Þ
The spatial frequency scale of Zk starts at 0 with steps equal to
Df until fmax = (N/2 - 1)Df. The others Zk complex values
shall be not used because this function is symmetrical.
• Power spectral density (PSD): PSD function shows the
frequency distribution of the power associated with the
signal per unit frequency. PSD is obtained by dividing
Fig. 9 Example of roughness spectra (whose values are given in dB
ref. 1 lm) of standard limit curves and of measures carried out with
the corrugation analysis trolley
?
* r?(xi)=max[r(x)-Ci(x)]+r(xi)
? xi
? Ci(x) ? r?(xi)-r(xi)*
r(x)
Fig. 10 Criterion applied to position xi
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the squared amplitude of each narrow band by the
spectral bandwidth Df according to equation:
ZPSDk ¼
2 Zkj j2
Df
for k ¼ 0; 1; . . .; N
2
 1
 
; ð4Þ
expressed in m2/m-1 = m3.
• Roughness spectrum: a constant bandwidth spectrum to
summarize the frequency content of the signal (that is
specifically the longitudinal profile) is created. A one-
third octave band spectrum shall be synthesized on the
basis of the narrow band spectrum. Each one-third octave
band value shall be calculated as the energy sum of the
narrow band values from the DFT. The same signal
examined in third-octave bands can evidence the presence
of maxima or minima of the acoustic roughness levels
that in octave bands would not be visible, providing more
detailed information. The bands are sets of frequencies
characterized by constant percentage bandwidth: calling
the center frequency fc and fl (low) and fh (high)
frequencies below and above, for an octave band is
delimitated with respect to the following equation:
fh  fl
f c
¼ 1
21=2
: ð5Þ
The exponent 1/6 is used to define the one-third octave
band.
To filter the signal of profiles, a Butterworth filter can be
used.
The Butterworth filter is a type of signal-processing
filter designed to have more flat frequency response in the
pass band.
The function of power spectral density (in frequency
domain) is
A2 xð Þ ¼ k21þ x=Xð Þ2n; ð6Þ
where x is related to frequency through the relation
x = 2pf and the max value of A(x) is in x = 0, where it is
just equal to the constant k. The integer n is called ‘‘order’’
of the filter, and X is the cutoff frequency (approximately
the -3 dB frequency).
To design a numerical Butterworth filter a simple code
written in MATLAB has been used.
The order of the filter and the cutoff frequency Wn
should be defined in advance in the code (here, the filter is
designed to be a 2n-order filter).
Figure 11 shows the magnitude and phase responses of
the 6th order Butterworth filter.
The acoustic roughness level is given by the following
expression:
Lr ¼ 10log r2RMS=r20
 
; ð7Þ
where
– Lr is the acoustic roughness level in dB,
– rRMS is the root mean square of rail roughness in lm,
– r0 is the reference of rail roughness (r0 = 1 lm).
Using this decibel scale, a roughness value of 1 9
10-6 m = 0 dB, 3.2 9 10-6 m = 10 dB, 10 9 10-6 m =
20 dB, etc. [34].
6 Evaluating profilometric data by means
of percentage exceedance
Another evaluation criterion used for the analysis of the pro-
files is the method of ‘‘percentage exceedance’’. For each
reference interval k, the curves of cumulative frequency are
constructed compared with amplitude values expressed in
microns RMS. For example, in Fig. 12, the red curve shows
the corrugation range 30–100 mm. For a displacement
of 20 lm(RMS) corresponds an exceedancemore than 45 %
on the rail and for a displacement of 40 lm (RMS) corre-
sponds an exceedance by around 15 %. Such information
may be used as a reference for management of rail grinding.
This procedure is given in Annex C of the standard on
the acceptance of the quality of grinding work (UNI EN
13231-3:2012, [35]).
7 Assessment of profilometric data by means
of expeditious methods
Some administrations of public transport, for each meter of
profile recorded, decide the need for grinding the rail if the
Fig. 11 Magnitude and phase responses of the 6th order bandpass
filter used to analyze the displacement signal with cutoff frequency of
200 cycles/m (corresponding to kmin = 5 mm)
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defect height exceeds the limits of 0.3–0.4 dmm with
8–10 cm of wavelength.
A tram rail section, by about 60 m, was measured by
means of CAT. The profile recording, filtered in the range
of wavelength k=30–100 mm, is shown in Fig. 13a. In Fig.
13b, a 1 m long sub-section is produced, showing the trend
that remains under the displacements of ±300 lm.
8 Case study
As part of a Research Project some segments of tram
network in Rome were detected, which are characterized
by different levels of rail corrugation. The instrumentation
used in measurement is the Corrugation Analysis Trolley
and the profile measurements were conducted with three
evaluation methods presented in the above sections.
Figures 14, 15, and 16 show the main results about the
profilometric data recorded on a corrugated rail in Via
Gianicolense.
Figure 14 shows a comparison between the acoustic
roughness spectrum and the TSI 2006/66/EC [31] limit
curve in magenta (or the ISO 3095 [32] limits in green, the
TSI 2002/735/EC [33] limits dashed line). Figure 15 shows
the percentage exceedance graph, with the 50 % line
highlighted, and Fig. 16 shows profilometric measure of
1 m in the wavelength range of 30–100 mm.
The examined rail exceeds limits if compared with limit
curves supplied for railway field (due to the higher speed of
the trains).
According to the second way to evaluate the condition
of the rail, in the Fig. 15, it can be seen that 50 % of the
length of the track shows an amplitude of irregularity with
magnitudes less than 10 lm. The same percentage does not
Fig. 12 Graph of the percentage exceedance on a tramway section in
Rome
Fig. 13 Profile recording filtered in the range of wavelength k = 30–100 mm (a) and a section (1-m long) of the profile (b) (the dashed lines
indicate the thresholds of ±300 lm)
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correspond any point of the exceedance curve: for example
there is no correspondence at an amplitude of the ir-
regularity with magnitude of 300 lm.
At last, using the third way to evaluate the profilometric
data, the assessment of the measured section reveals that,
for the range k = 30–100 mm, the displacement does not
exceed 300 lm in the overall recording.
9 Discussion and conclusion
During the service life, each railhead is inevitably sub-
jected to damaging. Within the several manifestations in
which the damages can occur on the running surface, the
most discussed in this paper are the periodic irregularities.
The particular attention to these types of defects is due
to the acknowledged link existing between the corrugation
of the rail surface and the generation of noise and vibra-
tions (the corrugation interests also the surface of the
wheels and naturally leads to an exacerbation of the phe-
nomenon, but this is not discussed in this paper).
In the contact area, wheel and rail exchange interaction
forces: the presence of irregularities on the running sur-
faces arises from dynamic loads, that, besides getting
worse the damaged surface initiates vibrations of vehicle
and track components (the formation of periodic surface
defects is also accelerated by the speed-up of trains [36]).
Even an interaction between not-worn wheels and rails
generates dynamic forces, due to the track configuration
itself (e.g., the sleepers are supporting the rail with a
specific spacing; they do not represent a uniform base for
the vehicle riding).
Rail corrugation, a particular kind of periodic wear
discussed in this paper, is one of the most serious problems
in railway engineering. Its formation and development
cause high level of vibrations between railway vehicle and
track, noise and reduction of the useful life of the structural
parts. Sometimes serious corrugation of rail leads to
derailments [37].
The purpose of monitoring and diagnostics is to control
the structural integrity, ensure no alteration of structural
components, keep the performances of the rail-
way/tramway, and provide a useful pretext for the policy
decisions of the interventions. Monitoring of rail ir-
regularities represents, indeed, an investment to manage
the evolution of the track damage; for example, it can be a
chosen optimal to minimize the use of interventions in
urgent cases, reducing the inefficiencies of the transport
system only to planned interventions.
Dedicated equipment, and more in detail the manual
corrugation measurement device CAT (specifically devel-
oped for the measurement of corrugation), have been de-
scribed in this paper, together with three different methods
to assess the profilometric data recorded.
The three evaluation methods for treating longitudinal
irregularity recordings, all of them examined for the same
section of tram rail, show contrasting results: the most
rigorous method, which leads to gain the Acoustic
Roughness Spectrum to compare with some reference
levels provided by standards, is not very useful since the
tram rails have always significantly accentuated longitu-
dinal irregularities. Acoustic roughness spectrum calculat-
ed for a tram rail is always over the standard limit
spectrum. Therefore, new limits should be established ad
hoc for the tram rails, which are subject to operating
conditions that are much more critical than the railway rails
ones.
In this paper, the method for calculating the acoustic
roughness spectrum has been developed starting from the
profiles of the rails measured with the CAT. This
methodology is entirely in line with the Standard UNI EN
15610:2009 [27] and it applies some algorithm and pro-
cedure used also to treat the road profiles.
The second method, which involves the determination
of the curve Percentage Exceedance, seems to be very
interesting: in an easy way can be read the whole range of
irregularities found on the rail surface, highlighting the one
with higher rate of presence. Though, unfortunately, the
Fig. 14 Acoustic roughness spectrum compared with standard limits
curves
Fig. 15 Percentage exceedance graph
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height thus obtained is not associated with its own wave-
length (but the wavelength range of interest, which in-
cludes various profile components).
The third method, which assumes to provide the max-
imum amplitude of irregularities associated with a single
wavelength, is the easiest method, and it is currently most
used by managers of tram networks, to assess the status of
the rails. This method, certainly expeditious, focuses only
on one type of defect of the rail and can lead to erroneous
evaluations and interpretations.
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